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Abstract
Due to rising energy costs and concerns about global climate change, high
performance buildings are more in demand than ever before. With roughly 20%
of the total energy consumption in the United States being devoted to
residential use, this sector represents a significant opportunity for future savings.
There are many guidelines and standards for reducing building energy
consumption. One of the most stringent is the Passive House Standard. The
standard requires that that air infiltration is less than or equal to 0.6 air changes
per hour at a 50 Pascal pressure difference (ACH50), annual heating energy is less
than or equal to 15kWh/m2, and total annual source energy is less than or equal
to 120 kWh/m2. For comparison, the typical West coast US residence has an
ACH50 of 5 and annually uses more than 174 kWh/m2 of source energy according
to the 2009 Residential Energy Consumption Survey. With these challenging
requirements, successful implementation of the Passive House Standard requires
effective strategies to substantially reduce energy consumption for all end uses.
Heating and cooling loads are low by necessity in a Passive House. As
such this makes end uses like water heating a much larger fraction of total
energy use than they would be in a typical building. When air to water heat
pumps are employed the energy consumption by water heating is lowered
significantly. By employing innovative heat recovery strategies the energy
consumption for water heating and HVAC can be reduced even further. This
i

study uses energy modeling and project cost analysis to evaluate three
innovative control strategies. Results for a Passive House in Portland Oregon
show a savings of about $70 annually with a payback period of 10 years. The
same Passive House in Fairbanks Alaska with a different strategy would save
$150 annually with a payback period of 5 years.
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1. Introduction
1.1 Motivation and background
The United States accounted for 19% of the world’s primary energy
consumption. Roughly twenty two percent of that primary energy consumption
was used in residential buildings [1]. The combined statistic is that residences in
the United States consume 4.2% of global primary energy produced. This means
that U.S. homes consume nearly one twentieth of the primary energy produced
worldwide.

Figure 1-1. An overview of energy consumption in the United States in 2010. Commercial and
residential buildings in the U.S. account for 41% of the country’s total source energy
consumption. [1].

Rising energy prices and strong indicators of global climate change have begun
to shift policy toward high efficiency in as many aspects of American life as
possible. The Passive House standard is fast becoming a leading efficiency
standard for residential buildings. The Passive House Standard is widely used
1

throughout Europe and is becoming more common in the United States.
Originally developed in Germany, the Passive house Standard requires not only
consideration of total site energy consumption, but also source energy use.
Source energy and site energy consumption differ in that site energy only
accounts for end use totals, while source energy accounts for losses in
production and transmission. A building that produces electricity on site would
have a lower source energy consumption than a similar building that gets its
electricity from the grid [2].
The Passive House Standard requires that a building use less than
or equal to 120 kWh/m2 per year of total source energy, and less than or equal
to 15 kWh/m2 of heating and cooling energy. In addition the standard requires
that infiltration rates be no more than 0.6 air changes per hour at a 50 Pascal [3].
This ends up being roughly 10% of a typical home’s energy consumption and 10%
of typical infiltration rates [4]. The strict requirements on infiltration necessitate
the use of airtight envelopes and heat recovery ventilators to provide sufficient
fresh air to building occupants without sacrificing occupant comfort. In addition
to high efficiency ventilators, efficient heating and cooling is also necessary to
achieve the strict 15 kWh/m2 requirement. Typically a heat pump of some kind
will achieve this end. A variety of other energy efficient appliances are often
used. If energy consumption for heating and cooling is reduced to about a tenth
of the allowable energy use intensity, then hot water heating will become the
largest end use. Tankless water heaters and heat pump water heaters are
2

popular choices to help reduce consumption from this end-use.
Heat pumps use a refrigeration cycle to either reject heat from a space or
to add heat to it. If a heat pump is rejecting heat from a space, its efficiency is
improved as the environment around the condenser gets colder. This is because
a greater temperature difference increases the rate of heat rejection with the
environment. This is similar to the case where heat is being added to an
environment with a heat pump. A greater temperature difference between the
heat reservoir and the evaporator increases the rate of heat addition to the
environment. These basic principles of heat pumps mean that any time that an
environment can be made more favorable for an evaporator or condenser, the
heat pump will require less energy to operate. These more favorable conditions
could be achieved with strategic recovery of waste heat. These benefits would
vary depending on the typical operating environment. To observe the full range
of operating possibilities one would need to examine operation across a range of
climate conditions.

1.1.1 Inspiration for This Study
Trekhaus is a Passive House that has been a part of a variety of studies by
the Green Building Research Lab since it was first occupied by the owners in
2012 [4]. This building is a Passive House duplex located in Portland Oregon. Key
3

features include walls with an R-value (SI) of 9.82 triple paned argon-filled
windows, mini-split heat pump, heat recovery ventilator, and heat pump water
heater [5]. Additionally, the Trekhaus includes Phase Change materials in the
western unit in an attempt to improve thermal comfort. The Trekhaus occupants
and researches noted that the heat pump water heater in their workshop put
out cold air exhaust whenever it operated. During the summer, the occupants
would leave the workshop door open to cool the house with exhaust air. It
became a matter of curiosity among the researchers as to what level of benefit
this afforded the occupants. On an intuitive level it made sense to make use of
the free cooling.
Further investigation led to the conclusion that measures to raise the
operating air temperature of the heat pump water heater were desirable. NREL
did a study on a group of five different heat pump water heaters to evaluate a
variety of performance metrics [6]. One of those water heaters studied included
the water heater used in Trekhaus. One important finding of that study was that
the Coefficient of Performance (COP) of the hot water heaters was highly
dependent upon the Wet Bulb (WB) temperature of the compressor air intake.
The trend was that a higher wet bulb temperature meant a higher COP for the
water heater (see Figure 2-1). There is a positive correlation with wet bulb
temperature and dry bulb temperature. A higher dry bulb temperature means a
higher enthalpy of air entering the compressor intake.

4

Figure 1-2 NREL evaluation of COP for the heat pump water heater used in the Trekhaus study.
(From: Laboratory Performance Evaluation of Residential Integrated Heat Pump Water
Heaters)[6]

As part of a study of the heat recovery ventilator efficiency in the
Trekhaus, a large quantity of data for typical air temperatures at each of the
ducts leading into and out of the ventilator was recorded and analyzed. The
general observation was that the exhaust air was warmer at night than the
outdoor air because of the ventilator operating in economizer mode (see Figure
1-3). This continued into the late morning while hot water was being heated (see
Figure 1-4) [5]. It seemed likely that there could be some energy savings by using
that exhaust air to help heat the intake air for the hot water heater. This would
5

be especially true in the winter months, as the occupants noted that it got colder
in the workshop than it did outside.

Figure 1-3 Trekhaus heat recovery ventilator stream temperatures [5]
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Figure 1-4 Water heating energy profiles for Trekhaus [5]
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2. Methods
This analysis uses collected data on the construction and operation of a
house used in a field study in Portland Oregon. This data is incorporated into an
energy model which then provides energy consumption data. The energy
consumption data is used for cost analysis.
2.1 Site Description
The sites for the simulation study include the original field study location
in Portland Oregon as well as two additional locations with different climates.
2.1.1 Location and Climate
The model used in this study is based on the Trekhaus passive house.
Trekhaus is a privately-owned three-bedroom duplex in Portland Oregon. The

Figure 2-1 Location of Trekhaus (https://maps.google.com)

general location in the United States is shown in Figure 2-1. Trekhaus was
designed to meet the Passive House standard in ASHRAE Climate Zone 4C, a
mixed marine climate with 2346 heating degree days and 235 cooling degree
7

days (18.3°C base) [7]. The same building model is also evaluated in Pheonix
Arizona, and Fairbanks Alaska to provide a cold climate and a hot climate to
compare equipment operation conditions. The general locations for the model
are shown in Figure 2-2. There were no changes to the model for different
climate conditions. It should be noted that there would be construction and
design differences to be able to meet the passive house standard in different
climates. Each of these climates would present different demands on the
building. A building in Fairbanks would use substantially more energy for zone
heating or water heating than a building in Portland. The same building in
Pheonix would have much higher demands for cooling than its twin in Portland.

Figure 2-2 Map of all simulation climates (https://maps.google.com)
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Table 2-1 Summary data of simulation climate data

Location Heating Degree
Days

Portland OR at PDX AP 2346
Pheonix AZ at Sky 523
Harbor AP
Fairbanks AL AP 7516

Cooling Degree
Days

235
2532

1%
Dehumidification
HR
(grains/kgda)
11.0
16.3

39

9.8

2.1.2 Construction Details and Occupancy
Trekhaus is a two story duplex from which many model elements were
selected. Some Items of particular importance are the high window to wall ratio

Figure 2-3 Trekhaus, a passive house duplex home, is divided into two
mirror-image apartments with a party wall on the north-south axis.

on the southern wall, total floor area, infiltration rates, ventilation rates, and
envelope construction. The model in this simulation study is a single floor and a
stand-alone structure. The building has a conditioned floor area of 148.6 m2, and
9

an unconditioned work shop with floor area of 9.3 m2. Although the workshop is
unconditioned, its walls are still built up like the exterior to separate it both from
the conditioned zone and the outside conditions. The model has only one floor
to more effectively treat the building as a single conditioned zone. Lighting
density was determined from the electrical equipment loads that were tallied
from Trekhaus surveys and provided they overall equipment load for this model.
The envelope for the model is a simplified version of what was used in Trekhaus.
The exterior wall construction layers from outside to inside are wood siding,
100mm foil faced polyisocyanurate insulation, 12 mm plywood sheathing, 184
mm blown-in cellulose insulation, and 16 mm gypsum board. From outside to
inside, roof construction consists of a single-ply membrane, 178 mm

Figure 2-4 Open studio model of a Passive House created in Sketchup

polyisocyanurate insulation, 19 mm plywood decking, 300 mm blown-in cellulose
10

insulation, and 16 mm gypsum board. The floor is a 100 mm thick concrete slab
insulated with 170 mm of expanded perlite and 100 mm of expanded
polystyrene. The data for this construction is summarized in Table 2-2.
The windows in the model are all fixed frame with three layers of glazing
and a 90% argon/10% air mixture in between the panes. Low-e coatings are also
used to affect the Solar Heat Gain Coefficient (SHGC) of the windows. The South
facing windows have coatings on surfaces three and five, while all other windows
have the coatings on surfaces two and five (counting from inside to outside). The
details of the glazing are summarized in Table 2-4.
Table 2-2 Envelope construction summary for simplified Passive House model

Construction

Material

Foundation Expanded Perlite
Slab Extruded
Polystyrene
Concrete
Exterior Siding
Wall Air Gap
Polyisocyanurate
Insulation
Plywood
Sheathing
Blown-In Cellulose
Insulation
Gypsum Board
Roof Single-Ply
Membrane
Polyisocyanurate
Insulation
Plywood Decking
Blown-In Cellulose
Insulation
Gypsum Board

Thickness
(m)

Thermal
Conductivity
(W/m K)

0.171
0.102

0.054
0.035

RValue
(m2
k/W)
3.156
2.910

0.102
0.019
0.102

2.060
0.103
0.021

0.049
0.185
0.150
4.826

0.013

0.098

0.130

0.184

.042

4.431

0.016
-

.159
-

0.100
-

0.178

0.021

8.445

0.016
0.302

0.098
0.042

0.165
7.258

0.016

0.159

0.100

Total
Assembly
R-Value
(m2 k/W)
6.11

9.82

15.97
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Table 2-3 Glazing summary for simplified Passive House model

Façade Window Low-e
Type
Surfaces

South Fixed
North, Fixed
East,
West

3, 5
2, 5

Center of Glass
Visible
SHGC
Transmittance
0.63
0.59
0.57
0.36

Total Window
U-factor SHGC U-factor
(W/m2K)
(W/m2K)
0.88
0.51 0.97
0.71
0.31 0.81

2.1.3 Mechanical Equipment Description
The passive house standard sets high standards for primary energy
consumption as a whole, but for HVAC needs in particular. Trekhaus meets its
heating and cooling needs with a Mitsubishi Mr. Slim mini-split heat pump,
consisting of an SUZ-KA09NA outdoor unit coupled to an SEZ-KD09NA indoor
unit. This system has rated heating and cooling capacities of 3.2 kW and 2.4 kW,
respectively. The specifications of this heat pump were chosen for the simplified
Passive House model. Due to the low infiltration rates in Passive Houses,
dedicated mechanical ventilation systems are needed to provide appropriate
indoor air quality for occupants. The addition of heat recovery is a common
choice because it reduces the demand for heating and cooling by
preconditioning air entering a space. Depending on the climate, either a flat
plate heat exchanger or a heat wheel are used for heat recovery. A climate
without high dehumidification demand is ideal for a flat plate heat exchanger
12

like the one used in Trekhaus. The full air handling unit including the heat
exchanger, supply, and exhaust fans is commonly referred to as a Heat Recovery
ventilator (HRV). The simplified Passive House model uses an HRV with
specification matching that of the Zehnder ComfoAir™ 350 used in Trekhaus.
Domestic hot water is another major source of energy consumption.
Trekhaus meets its hot water needs with an AirGenerate AirTapTM ATI50 heat
pump water heater (HPWH) with a storage capacity of 189 L. The water heater in
Trekhaus is located in the unconditioned workshop. This particular HPWH has
the compressor and evaporator fixed to the tank. As it is configured the
workshop air serves as both the heat source and heat sink for HPWH refrigerant
cycle. The heat pump is nominally rated at 2.75 kW with the primary and backup
electric elements nominally rated at 4 kW. This water heater can operate in
three modes: heat pump only, electric element only, and hybrid mode.
2.2 EnergyPlus Model Description
The energy models described provide computational data to research
without requiring extensive experimental setup.
2.2.1 Model Overview
The energy model used in this study was created using EnergyPlus, a
whole building simulation developed by the U.S. Department of Energy [8].
Although EnergyPlus provides excellent flexibility and power in developing a
model, creating even a simple building from scratch can be a tedious and error
13

prone process. To this end NREL has developed a GUI energy modeling tool
called Open Studio. Open Studio runs on the EnergyPlus engine and has plugins
available for Sketchup. Sketchup and its Open Studio plugin were used to
develop the basic floor plan and fenestration placement for the simplified
Passive House model. The building geometry was then brought into the Open
Studio environment where basic HVAC configurations, schedules, and setpoints
were programmed in. This model was then exported to an EnergyPlus Input
Design File (IDF). The IDF environment allows for objects to be imported from
existing models.
The existing Trekhaus model was first developed by Christophe Parroco
(a former staff member of the Green Building Research Laboratory) using the
third-party GUI, DesignBuilder™, and then exported to the EnergyPlus Input Data
File format. Further development of the HVAC systems, mainly the mini-split
heat pump and HRV, was performed by Daeho Kang (a postdoctoral researcher
in the Green Building Research Laboratory)[9]. Further validation and research
on phase change material used in Trekhaus was done by Jeffery Lauck.
This model study will examine the effectiveness of employing additional
sensible heat exchangers to make use of exhaust energy from both the heat
pump water heater and the heat recovery ventilator. The particular EnergyPlus
object that was added or modified was
HeatExchanger:AirToAir:SensibleAndLatent. The simplified model in this study
takes some HVAC, efficiency curves, and constructions from the Trekhaus model.
14

2.2.2

Key Features of the Simplified Model

The Baseline Case of a simple passive house uses a heat recovery
ventilator to bring in fresh outdoor air and exhaust stale air. When the enthalpy
of the HRV return air is greater than that of the outdoor air, the bypass
(economizer) mode is activated. Mechanical heating and cooling are provided
solely by the heat pump. The heat pump water heater is in an unconditioned
workshop adjacent to the house. The compressor inlet draws from the workshop
air. The compressor also exhausts into the workshop. This Base Case is shown in
Figure 2-5.
One alternate configuration is where the HRV exhaust air is passed to the
exhaust side of an additional sensible heat exchanger before being sent
outdoors. This air has a higher enthalpy than the outdoor air regardless of
season or HRV operating mode because it contains some of the heat generated
inside the house. Since the passive house would not be losing heat through
infiltration, most of the sensible heat will be exhausted through the HRV. The
supply side of the added heat exchanger takes in workshop air and preheats it
before feeding into the HPWH compressor intake. The objective of this design is
to improve the efficiency of the airside portion of the HPWH refrigeration cycle
thereby reducing the HPWH energy consumption. Hereafter this configuration
will be called Case A. The details of Case A can be seen in Figure 2-6.
Another configuration that is considered (Case B) sends exhaust from the
15

HPWH compressor through the exhaust side of an added sensible heat
exchanger. After passing through the heat exchanger, the outlet mixes with the
workshop air. The supply side of the heat exchanger preconditions the room air
before feeding to the MSHP intake. The desired effect is to reduce the need for
cooling and heat recovery energy for the controlled zone. If the air being
supplied to the interior space is preconditioned, then the bypass mode on the
HRV can run for longer periods. Passive houses typically require more cooling
than heating during shoulder seasons and summer so this can be a significant
energy savings. In addition this will keep the workshop warmer and provide
some improvement to the HPWH efficiency. Hereafter this configuration will be
called as Case B. The details of Case B can be seen in Figure 2-7.
It is possible to combine Case A and Case B to try to reap different
benefits at different times. In either case, HPWH energy consumption should be
reduced. Even with this reduction, it could be beneficial to choose to
precondition air entering the controlled zone, or to decouple the controlled zone
from the workshop. This combined case would require two sensible heat
exchangers and a series of dampers to control the flow path. The flow pathway is
just as is described for Case A and Case B. Some additional dampers would be
needed to ensure that only one of the cases is selected at a given time. This
configuration will be called case C. The details of Case C can be seen in Figure 2-8

16

Figure 2-5 Base line HVAC diagram
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Figure 2-6 Case A: Heat recovery of HRV exhaust diagram

18

Figure 2-7 Case B: Heat recovery of cold HPWH compressor exhaust

19

Figure 2-8 Case C: Combined strategies of Case A and Case B
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2.2.3 Major Components, Assumptions, and Limitations
The approach to implement these heat recovery designs is fairly
straightforward. An additional sensible heat exchanger object and connections
to the relevant equipment were added. The details of the HRV, HPWH, and add
on heat exchangers are shown in Appendix A. The HRV exhaust fan, MSHP fan
and the HPWH fan fulfill all the needs for prime movers for the air.
There are controls in the form of setpoints and usage schedules for the
Heat Recovery Ventilator, Mini-Split Heat Pump, and Heat Pump Water Heater.
Any additional heat recovery is done every hour of every day. In Case C a choice
is made each month to switch from one heat recovery mode to the other.
Implementing appropriate “smart” differential controls for this type of heat
recovery is complex. The purpose of this model is to see if there will be savings
even in a simple add-on to a typical HVAC configuration without needing a
specialized Direct Digital Control (DDC). This model will not reflect all of possible
savings from heat recovery controlled at an hourly level, nor does it account for
the possibility of choosing outdoor air as a heat source or sink.

21

2.3 Analysis Approach
2.3.1 Analysis Overview
The analysis in this study has two general categories: simulated energy
consumption for Passive House models and cost analysis to determine the
financial feasibility for each case in the chosen climates. This assists in the
decision making process of whether or not to employ a heat recovery strategy.

2.3.2 Heat Recovery Experimentation with Energy Model
The energy model has several electrical end uses of interest: fans,
heating, cooling, heat recovery, and hot water. These values were determined
on a monthly basis for the Base Case, Case A, and Case B. Case C will be
determined afterward since it is simply the ideal schedule choice for a given
month between A and B based on the simulated energy consumption for Case A
or Case B. The energy use for the alternate cases was subtracted from the Base
Case. This method calculates the energy savings from employing heat recovery.
It is possible to have negative savings if the energy use for a given category was
higher than the Base Case. Although it is informative to see the differences in
each individual end use from one case to another, it is the sum of the savings
that matters for determining the value of a choice.

2.3.3 Cost Analysis
Equipment lifespan, inflation rates, interest rates and initial equipment
22

costs factor into the present worth of an energy savings choice. Although a
simply payback calculation may be sufficient (See Equation 1), it is better to use
the present worth equations to determine the explicit monetary value of a
choice. Equation 2 is the total present worth of an investment.

ܲܽ= ݀݅ݎ݁ܲ ܾ݇ܿܽݕ

ூ௩௦௧௧ ௦௧
௬ ௌ௩௦

ሺଵାሻಿ ିଵ

ሺଵାሻಿ ିேିଵ

ሺଵାሻಿ

 మ ሺଵାሻಿ

ܲ = ܣቂ

ቃ+ܩቂ

ቃ−ܥ

(1)
(2)

Here, A is the annual savings, G is the annual Inflation cost, C is the initial
investment cost, i is the interest rate, and N is the lifetime of the equipment in
years. We use inflation rates and interest rates that reflect the norm in the
Western United States [10]. The billing rates used reflect the mean residential
price as stated by local utilities. Portland prices have a set rate for consumers
using less than 1000 kWh. Phoenix has varying rates throughout the year, so the
rates where averaged to a mean annual value. Fairbanks has only a single listed
rate for residential consumers. All rates are summarized in Table 2-3.
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Table 2-4 Electric utility billing rates for chosen simulation cities

Region and Electric Utility Company

Billing Rate ($/kWh)

Portland OR, PGE [11]

0.10320

Fairbanks Alaska, GVEA [12]

0.19497

Phoenix, SRP [13]

0.10257

Interest rates and inflation are variable not only for every country, but for
regions within a country. As such the values selected for analysis can be
somewhat arbitrary. For the purposes of this study, the mean predicted energy
inflation rate from 2010-2030 in the Western states (includes OR, AZ, and AK) is
used. The interest rate is a typical savings account interest rate because the
homeowner would pay this cost out of pocket. This does not account for the
user taking a mortgage loan to pay for the upgrade. The lifetime of the
equipment will be set at 20 years which is a typical replacement rate for
mechanical equipment. This data is summarized in table 2-4.
Table 2-5 Summary of cost analysis metrics

Cost analysis metric

Metric Value

Project Life (years)

20

Interest Rate (%) [14]

4

Inflation Rate (%) [15]

2.56

Installation cost varies based on availability of equipment and local labor
prices. The mechanical designs presume that an HRV, HPWH, and MSHP will be
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installed. If they are installed relatively close to each other in the floor plan the
added cost of ducting would be fairly low. The only added equipment would be
an added sensible heat exchanger for Cases A and B, and a second heat
exchanger with some added damper controls for Case C. The major cost is the
sensible heat exchanger. These typically come as part of an HRV with two
electric fans which contribute substantially to the cost and are not needed in this
scenario. The assumption made for this study is that an off-the-shelf HRV minus
the fans could be used, and that the installation would be a part of the initial
HVAC installation upon building the house. Alternatively, this could be
considered an add-on feature for an HRV already on the market. Altogether with
parts and labor, the added cost would come out to about $700 with a 10% price
increase for Fairbanks [16] [17]. This calculation is crude but it gives this study a
reasonable starting point. The cost can be adjusted if need be as part of future
work.
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3. Results
The results of this study are presented in two sections: simulation data
and cost analysis data. Case A performed as expected with significant savings
over winter months in all climates. Case B had some surprising energy outcomes
when examining the Phoenix and Fairbanks houses. They performed as near
opposites with Fairbanks seeing the greatest benefit in summer, while Pheonix
saw the greatest benefit in the non-summer months.

3.1

Simulation Data

This data was generated from EnergyPlus simulations with the output
summary of EndUseEnergyConsumptionElectricityMonthly. This section contains
total energy use summaries as well as the HVAC end use energy for Portland. The
end use energy data for the Fairbanks and Phoenix houses are in Appendix B
3.1.1

Baseline Case Simulation Results
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Figure 3-1 Baseline Case energy consumption for Passive House model in Portland Oregon

The total monthly energy consumption for the Baseline Case in Portland
Oregon is summarized in Figure 3-1. Annual total consumption of electricity is
7094 kWh.
3.1.2 End Use Energy Savings for Portland Oregon
End use energy savings summaries for fans (Figure 3-2), cooling (Figure 33), heat recovery (Figure 3-4) and domestic hot water (Figure 3-5). It should be
noted that the savings and penalties are slight for all end uses except domestic
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A
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B
-0.1
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-0.3
Figure 3-2 Energy savings compared to the Baseline Case for fans in Portland Oregon
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water heating for Case A, and heat recovery for Case B
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Figure 3-3 Energy savings compared to the Baseline Case for cooling in Portland Oregon
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Figure 3-4 Energy savings compared to the Baseline Case for heat recovery in Portland Oregon
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Figure 3-5 Energy savings compared to the Baseline Case for hot water in Portland Oregon

3.1.3 Total Energy Savings for all Simulated Cities
When the total savings on energy consumption is tallied for Case A and
Case B, it is clear from Figure 3-6 that Case B is the best option for Portland.
Case A performs best overall in Fairbanks although the summer months in
Figure 3-7 show a slight benefit preference for case B. Case A has fairly
uniform benefits in Phoenix throughout the year as seen in Figure 3-8. Case B for
Phoenix demonstrates an overall penalty during summer but a benefit the rest of
the year.
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Figure 3-6 Total Energy savings from Baseline Case in Portland Oregon
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Figure 3-7 Total energy savings compared to Baseline Case in Fairbanks Alaska
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Figure 3-8 Total energy savings compared to Baseline Case in Phoenix Arizona

3.2 Cost-Benefit Data
These data were generated by summarizing the annual energy savings for
Case A and Case B in each climate. Case C was generated by choosing the highest
savings from month to month. A rough equipment cost was calculated with
mechanical cost data and an equipment catalog. Case A and B would cost
roughly the same to implement while Case C would cost about twice as much
because it is effectively the implementation of both Case A and Case B. Both a
simple payback and lifecycle Benefit were calculated from Equations 1 and 2.
The lifecycle benefit accounts for inflation and interest (discount) rates for the
homeowner and calculates the present worth of an investment. Case C did not
show sufficient benefit in any climate to make it worthwhile from purely an
investment standpoint. None of the simulated strategies yielded an investment
benefit for Phoenix (Table 3-3). Case B showed a net positive investment value
for both Portland (Table 3-1) and Fairbanks (Table 3-2). The investment value
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was highest for Case B in Portland and Case A had the highest value in Fairbanks.
Table 3-1 Cost-benefit results for Portland Oregon
PORTLAND A

PORTLAND B

PORTLAND C

ANNUAL ENERGY SAVINGS (KWH)

340.5

398.5

401.5

ANNUAL SAVINGS ($)

35.13

68.90

69.42

INVESTMENT COST ($)

700

700

1400

SIMPLE PAYBACK (YEARS)

19.9

17.0

33.79

LIFECYCLE BENEFIT ($)

-81.39

24.10

-670.43

FAIRBANKS A

FAIRBANKS B

FAIRBANKS C

ANNUAL ENERGY SAVINGS (KWH)

779.4

231.4

805.9

ANNUAL SAVINGS ($)

151.96

45.11

157.13

INVESTMENT COST ($)

770

770

1540

SIMPLE PAYBACK (YEARS)

5.07

17.07

9.80

LIFECYCLE BENEFIT ($)

1905.54

24.32

1226.51

Table 3-2 Cost-Benefit results for Fairbanks Alaska

Table 3-3 Cost-Benefit data for Phoenix Arizona
PHOENIX A

PHOENIX B

PHOENIX C

ANNUAL ENERGY SAVINGS (KWH)

212.8

219.3

297.1

ANNUAL SAVINGS ($)

21.83

22.49

30.47

INVESTMENT COST ($)

700

700

1400

SIMPLE PAYBACK (YEARS)

32.1

31.1

45.9

LIFECYCLE BENEFIT ($)

-315.73

-303.94

-863.44

32

4. Discussion
The discussion of the results is in four parts: How heat recovery Case A
and Case B performed, how these results compare to other studies, what are
some of the drawbacks of how this study was performed, how could this study
be done differently.
4.1 Heat Recovery Performance
The performance of a heat recovery strategy must be judged by how it
created energy savings compared to the Baseline Case, and how these energy
savings translated to investment value for the home owner.
4.1.1 Analysis of Energy Data
A summary for the total energy consumption of the Baseline Case model
is presented in Figure 3-1. The total site energy consumption per square foot is
48 kWh/m2 per year, and the total site heating and cooling energy is 12 kWh/m2
per year. This energy consumption profile is well within the acceptable limits for
a Passive House.
Alternate Cases A and B demonstrated very little change in fan energy
consumption. Figure 3-2 shows the savings in fan energy for Case A and Case B in
Portland. The savings for case A and the penalty for case B are very small, on the
order of a kWh for the whole year. The savings in Case A is from the reduced
demand on the air side of the HPWH compressor thus resulting in less air
needing to be moved. The fan penalty in Case B is slight, and comes from the
HPWH compressor needing to work harder since its heat source is household air
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which typically has a lower enthalpy than the HRV exhaust. In addition the MSHP
fan needs to work harder to overcome the pressure drop from the added
sensible heat exchanger. Similar results are observed for the simulations for
Fairbanks and Phoenix (Figures 7-1, 7-2). The benefit in Case A for Phoenix is
about 2 times larger than that for Portland. The simulation of Case A for
Fairbanks shows a net penalty of roughly 6 kWh because the exhaust
temperatures for the HRV were typically lower than the workshop air
temperature. The results for Case B were nearly the same across all climates.
Cooling energy was not greatly affected by either alternate case. Figure
3-3 shows the energy savings for cooling energy compared to the Baseline Case
for Cases A and B in Portland. Case A has penalty of 4 kWh per year while case B
has a savings of less than a kWh. The results for Phoenix show slightly larger
penalty of 7 kWh per year for Case A, and the Fairbanks penalty is 2 kWh per
year (Figures 7-3, 7-4). Case B is roughly the same for all climates.
There was a substantial change in total heat recovery energy by
exchanging heat between cold HPWH exhaust energy with indoor air. Figure 3-4
shows energy savings for heat recovery compared to the baseline for Cases A
and B. Case A has no effect whatsoever on heat recovery energy while case B
shows a savings of 409 kWh. This accounts for nearly all of the energy savings for
case B. The results are similar for Fairbanks and Phoenix which showed a savings
of 252 kWh and 229 kWh respectively (Figures 7-5, 7-6). The reason for the
savings in Case B is not immediately apparent. It should be noted that the
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greatest savings for Phoenix was in the non-summer months while the greatest
savings for Fairbanks was during the summer. This indicates that the savings for
Case B comes from longer operation hours for the HRV bypass mode which
reduces the total HRV energy consumption by reducing the pressure drop for
bringing in outdoor air. The bypass activates whenever the outdoor air
temperature is cooler than the return air temperature and a building is in cooling
mode. This would rarely happen in a Phoenix summer which is to hot at all times
from bypass mode, and would most often happen during a Fairbanks summer.
Figure 7-9 shows the power use for the HRV for a hot summer day for Case B and
the Baseline. The only time when both cases operate in the same fashion is
during the hottest part of the day when bypass mode cannot be active. The
specific effects surrounding the heat recovery savings may merit further study.
Energy consumption for domestic hot water was significantly changed by
capturing waste heat from household exhaust air. Figure 3-5 demonstrates
substantial savings of 342 kWh per year in Portland by employing case A. Case B
shows a small penalty of 10 kWh per year. Fairbanks has a savings of 781 kWh
per year for case A, and the Phoenix house saves 219 kWh per year. The positive
effect of feeding heat to the HPWH compressor intake is clear. It makes intuitive
sense that adding heat to the reservoir that the HPWH draws from would
improve its efficiency and therefore its energy consumption. It also makes sense
that the greatest improvement by employing case A is for colder climates where
the conditions would penalize a standalone HPWH even more than a hot climate.
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The penalty for coupling the cold exhaust to the household air is not as obvious.
Note that the net energy penalty for water heating under Case B is the same in
Phoenix as it is in Portland (Figure 7-7), while the penalty is 20 kWh in Fairbanks
(Figure 7-8). It is likely it is not as useful to the efficiency of the HPWH to have a
warmer cold reservoir to dump heat to as opposed to having a warmer hot
reservoir. It would merit further study to examine the effects on efficiency of
connecting the cold air exhaust of HPWH to different temperature reservoirs.
The overall energy consumption data for each case in each climate shows
that there may be some benefit to switching between recovering heat for hot
water from house exhaust, or using the HPWH cold air to improve heat recovery
in the house (see Figures 3-6, 3-7, 3-8). It should be noted that in Portland,
improving household heat recovery has the greatest benefit regardless of the
month. Phoenix and Fairbanks do best for most of the year under Cases B and A
respectively, while seeing a changeover in best monthly benefit during the
summer. There is no question that employing a Case C would bring an Energy
benefit to the Fairbanks and Phoenix houses, only a long term cost analysis will
tell whether or not it is a good investment for the homeowner.

4.1.2 Analysis of Cost Data
Tables 3-1, 3-2 and 3-3 provide summaries of the costs and benefits of
employing each heat recovery strategy. The first thing one should note is that
none of these strategies would be worthwhile in the Phoenix House. This is
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because the Energy savings are too low, and the cost of electric energy in
Phoenix is inexpensive at $0.10/kWh. This ends up making the payback period 10
years greater than the lifetime of the equipment, and the lifetime benefits are
negative. The Portland house would payback at 20 years for case A, and 10 for
Case B with a lifetime penalty of $81 and benefit of $24 respectively. Fairbanks
shows the most promise with a payback of 5 years for Case A and a lifetime
benefit of $1906.
Case C is problematic. Although the energy savings for Case C are the
highest in the Fairbanks house, the lifetime benefit is less at $1227 because of
the added equipment cost. If energy savings were the only goal then it would be
worthwhile. If a design were on the brink of meeting a strict certification like the
Passive House standard then it could be employed. From strictly a cost
standpoint it makes sense to choose either Case A or Case B depending on the
climate, and local energy costs.

4.2 Comparison to other studies
A study at Oakridge National Laboratory by Thomlinson et al showed the
energy saving potential from a combined HPWH and indoor heat pump system
[18]. Excess hot water was used to heat indoor air. A compression cycle used the
cold output from the HPWH to cool the indoor air. Although this system showed
a high theoretical efficiency of 19.6 SEER for heating, cooling, and hot water; the
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prototype has not yet been developed. This study does indicate that “soft
integration” of heat pump water heaters with waste heat producers like
refrigerators and dryers is a well-established practice with proven results. This
“soft integrated” approach is done by placing the HPWH in the proximity of the
waste heat producer. This differs significantly from the approach taken in this
study which aimed to directly interface the HPWH with existing heat sources and
sinks. In addition this study focused on evaluating a Passive House model instead
of a typical residence.
Exhaust air heat recovery in Buildings by Fehrm et al investigates the
energy savings for a variety of cases in Sweden that employ an exhaust air heat
pump system to reuse waste heat [19]. The overall device designs were similar to
the configuration studied by Tomlinson et al in they used a series of vapor
compression cycles to transfer the heat. The study shows savings of up to 31% in
some cases. It is clearly stated that these systems are made financially viable by
a combination of regulations on residential energy use and government
subsidies.

4.3 Potential Drawbacks
Although using household exhaust and indoor air streams shows promise
in improving overall efficiency for a house; there is a significant barrier of 10%20% added construction costs for a Passive House. Although the savings in the
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energy models for this study were clearly present, those energy savings would
not be possible without added investment. The success of the cost analysis is
strongly dependent on the price of electricity as well as the initial added cost of
installation. Such a heat recovery system is not on the market and this makes the
equipment cost challenging to estimate. It would require substantial analysis
from an experienced mechanical designer and contractor to determine the
actual initial cost of installation. The novelty alone would make this task more
expensive than the costs estimated in previous sections.

4.4 What could be done differently?
To get a greater benefit out of Case A or B, a digital control system could
be employed. Although this would add significant installation cost, there is
potential to increase savings. A “smart” digital control would maximize the
benefit on a short term basis and reduce losses by only employing heat recovery
when it is needed. The Trekhaus only has a digital control for the MSHP which
controls heating and cooling. It would likely see a savings if there were a digital
controller for the HRV that changed flow rates based on occupancy and
infiltration through open windows and doors. The HRV is instead controlled by
the building occupants. The reason that this has not been done is that the
savings by having such a control does not outweigh the cost for that particular
DDC application.
It may be worthwhile to combine Case A or B with an outdoor air loop to
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provide the option of exchanging air with the outside. This would require some
additional added controls, but an additional heat source/sink could add some
additional efficiency to domestic hot water heating or heat recovery.
In addition, a clear benefit of employing these heat recovery systems only
seems to manifest in a mild climate for Case B, or a cold climate for Case A.
There are a fairly large number of certified Passive Houses in Oregon and Illinois
so there may be hope for these heat recovery strategies being employed in the
US especially if the climate is mostly heating dominated. There is an even greater
possibility for this being effective in northern Europe or Scandinavia where
Passive houses are common and Energy prices can be up to three times higher
for residential consumers [20].
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5. Conclusion
This study evaluates the effects of using exhaust heat recovery to
improve HPWH efficiency, and cold HPWH exhaust recovery to improve
household HVAC efficiency. The end result was that exhaust air heat recovery
design improvement paid back in 5 years in Fairbanks Alaska and 12 years in
Portland Oregon while it would not pay back in Phoenix Arizona. Using cold air
heat recovery paid back in 10 years in Portland, 15 years in Fairbanks, and would
not pay back in Phoenix. These results would vary with different cost data.
The Passive House standard requires innovation to achieve its challenging
energy consumption goal of 120 kWh/m2 per year. As such, finding cost effective
improvements beyond the typical energy saving HVAC and appliances is difficult.
Even what appears to be a substantial savings of $60 per year will not mean
much to the consumer if they have to make an unsubsidized investment at a net
penalty over the life of the installed equipment. In addition, the savings will not
be the same for all houses and locations. In this study, it was observed that a
Passive House in Fairbanks Alaska would save a substantial amount of money
with a heat recovery improvement while the same house in Portland received a
mediocre benefit. This was due to a combination of slightly different energy
prices and substantially different climates for the same improvement.
Ultimately, no one solution will always be the answer.
Some of the results need further examination: such as the specific benefit
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to heat recovery when using cold air exhaust, and the associated water heating
penalty. It would also be worthwhile to see how an outdoor air loop and a digital
controller would affect these heat recovery strategies. Further investigation into
sensible waste heat recovery strategies shows great promise for improving
efficiency in Passive Houses and other high performance buildings.
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6. Appendix A - EnergyPlus
The following figures are Base Case HVAC equipment objects in
EnergyPlus that are the most critical to replicating the energy model for the
Baseline Case. These include the packaged terminal heat pump, heat recovery
ventilator, heat recovery ventilator controller, Package terminal heat pump
heating and cooling coils, fans, heat pump water heater, heat pump water
heater coil, heat recovery ventilator sensible heat exchanger, equipment
connection list, and node list.

Figure 6-1 EnergyPlus object ZoneHVAC:PackagedTerminal Heatpump
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Figure 6-2 EnergyPlus object ZoneHVAC:EquipmentConnections

Figure 6-3 EnergyPlus objects NodeList

Figure 6-4 EnergyPlus object ZoneHVAC:EnergyRecoveryVentilator
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Figure 6-5 EnergyPlus object ZoneHVACEnergyRecoveryVentilator

Figure 6-6 EnergyPlus objects Fan:OnOff
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Figure 6-7 EnergyPlus object CoolingCoil:DX:SingleSpeed

Figure 6-8 HeatingCoil:DX:SingleSpeed
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Figure 6-9 EnergyPlus Object Coil:WaterHeating:AirToWaterHeatPump

Figure 6-10 EnergyPlus Object WaterHeater:HeatPump
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Figure 6-11 EnergyPlus Object HeatExchanger:AirToAir:SensibleAndLatent

Case A is identical to the Baseline Case with the exception of one added
HeatExchanger:AirToAir:SensibleAndLatent object which connects to the heat
recovery ventilator exhaust stream
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Figure 6-12 EnergyPlus objects HeatExchanger:AirToAir:SensibleAndLatent for Case A

Case B is also identical to the Baseline with the exception of an added
heat exchanger object that connects to the heat pump flow stream and one
additional node added to the NodeList objects which facilitates the connection
to the room air

Figure 6-13 EnergyPlus objects HeatExchanger:AirToAir:SensibleAndLatent for Case B
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Figure 6-14 EnergyPlus objects NodeList for Case B
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7. Appendix B - Additional Data Figures
Figures 7-1 and 7-2 show the fan energy savings for Implementing Case A
and Case B in Fairbanks and Phoenix respectively. In both climates a very small
benefit or penalty is seen for Case A. A larger difference is seen for Case A.
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Figure 7-1 Fan Energy savings from Baseline Case for Fairbanks Alaska
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Figure 7-2 Fan Energy savings from Baseline Case for Phoenix Arizona
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Cooling energy savings from implementing Case A and Case B in Phoenix
and Fairbanks are shown in Figures 7-3 and 7-4 respectively. A negligible savings
is seen in case B for both climates, while Case A shows a visible but small
penalty.
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Figure 7-3 Cooling energy savings for Phoenix Arizona
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Figure 7-4 Cooling energy savings for Fairbanks Alaska
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There is a substantial heat recovery savings for Case B, while Case A
shows no benefit or penalty for heat recovery. Figure 7-5 shows that the Phoenix
house only benefits on the non summer months. Figure7-6 shows that the
greates benefit to the Fairbanks house is during the summer months. Case B
causes a small penalty in domestic hot water energy for both Phoenix (Figure 77) and Fairbanks (Figure 7-8). Case A shows a substantial benefit to domestic hot
water energy for both Phoenix and Fairbanks.
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Figure 7-5 Heat recovery energy savings for Phoenix Arizona
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Figure 7-6 Heat recovery energy savings for Fairbanks Alaska
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Figure 7-7 Domestic hot water energy savings for Phoenix Arizona
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Figure 7-8 Domestic hot water energy savings for Fairbanks Alaska
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In Figure 7-9 Case B shows savings compared to the baseline case during
all but the hottest times of day in Portland which indicates that bypass node is
active.
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Figure 7-9 HRV power consumption during a hot day in Portland
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8. Appendix C - Contents of Supplemental Data Files
Simulation code can be run by opening and executing the input design files
in EnergyPlus version 8.1. IDF and EPW are both file types unique to Energy Plus.
IDFs contain the inputs for building simulation while EPWs contain a weather file.
The IDF must be used concurrently with an EPW for simulations.
Folder Name: EnergyPlus IDFs
File Name

File
Type

File Size Software
(KB)

Special
hardware
requirements

Passive house simple

IDF

218

None

Passive house simple B

IDF

220

Passive house simple A

IDF

220

USA_AK_Emmonak.702084
_TMY3
USA_AZ_PhoenixSky.Harbor.Intl.AP.722780_
TMY3
USA_OR_Portland.Intl.AP.7
26980_TMY3

EPW

1586

EPW

1605

EPW

1605

Energy Plus
8.1
Energy Plus
8.1
Energy Plus
8.1
Energy Plus
8.1
Energy Plus
8.1

None
None
None
None

Energy Plus None
8.1
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